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Abstract

The Toll-like Receptor (TLR) adaptor proteins Myeloid Differentiating Factor 88 (MyD88) and
Toll, interleukin-1 Receptor and Resistance protein (TIR) domain-containing adaptor inducing
interferon-f (TRIF) comprise the two principal limbs of the TLR signaling network. We studied
the role of these adaptors in the TLR4-dependent inhibition of allergic airway disease and
induction of CD4+ICOS+ T cells by nasal application of Protollin™™, a mucosal adjuvant
composed of TLR2 and 4 agonists. Wild-type (wt), Trif -/- or Myd88 -/- mice were sensitized to
birch pollen extract (BPEX), then received intranasal Protollin followed by consecutive BPEx
challenges. Protollin’s protection against allergic airway disease was TRIF-dependent and
MyD88-independent. TRIF-deficiency diminished the CD4+ICOS+ T cell subsets in the lymph
nodes draining the nasal mucosa, as well as their recruitment to the lungs. Overall, TRIF-
deficiency reduced the proportion of cervical lymph node and lung CD4+ICOS+Foxp3- cells, in
particular. Adoptive transfer of cervical lymph node cells supported a role for Protollin-induced
CD4+ICOS+ cells in the TRIF-dependent inhibition of AHR. Thus, our data demonstrate that
stimulation of the TLR4-TRIF pathway can protect against the development of allergic airway
disease and that a TRIF-dependent adjuvant effect on CD4+ICOS+ T cell responses may be a

contributing mechanism.
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Introduction

Epidemiological, genetic, clinical and experimental data indicate a potential for the toll-like
receptor (TLR) 4 to initiate, exacerbate, or conversely prevent allergic airway disease (1, 2).
These apparently contradictory findings are likely due to several factors, such as the capacity of
an allergen and immunomodulatory microbial exposures to activate multiple TLRs or interacting
pattern recognition receptors simultaneously, the effect of gene polymorphisms upon the host
response to the microbial stimuli, the structure of the specific TLR ligand(s), as well as the dose
and the timing of exposure relative to the development of the immune system, disease onset or
exacerbation. Elucidating the role of specific TLR signaling pathways in regulating the
predominantly type 2 inflammatory response of the airways to aeroallergens that is characteristic
of allergic asthma may also be an important step towards defining the specific conditions and
mechanisms by which TLRs influence allergic disease. We have previously demonstrated that
selective intranasal application of Protollin™, a mucosal adjuvant composed of purified bacterial
TLR2 and 4 ligands, vesicles of hydrophobic outer-membrane proteins from Neisseria
meningitidis and lipopolysaccharide (LPS) from Shigella flexneri, to sensitized animals prior to
the allergen challenge prevented the development of allergen-induced airway
hyperresponsiveness (AHR) and inflammation (3). This effect was associated with an expansion
of CD4+ T cells in the cervical lymph nodes draining the nasal mucosa expressing the inducible
costimulatory molecule (ICOS), as well as an increase in lung CD4+ICOS+ cells. However the
roles of MyD88 and TRIF in mediating the TLR4-dependent inhibition of allergic airway disease

was not explored.

The adaptor proteins Myeloid differentiating factor 88 (MyD88) and Toll, IL-1 Receptor and

Resistance protein (TIR) domain-containing adaptor inducing interferon-p (TRIF) mediate
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distinct, but interacting, signaling cascades downstream of TLR ligation, ultimately leading to
the production of pro-inflammatory mediators and type I interferons (IFNs) (4, 5). Mice that are
deficient in both proteins cannot signal via any of the 13 TLRs discovered to date (6). All TLRs
are thought to signal via MyD88, with the exception of TLR3 which relies solely upon TRIF (7).
TLR4 was thought to be the only TLR that signals through both adaptors but TLRs 2 and 5 can
also do so in certain conditions (8, 9). To date, the TLR4-MyD88 pathway has been frequently
implicated in allergic airway disease particularly in allergic sensitization via the respiratory
mucosa or induction of type 2 immunity by inhaled antigens (10-15) and the oxidizing pollutant
ozone (16). TLR4-MyDS88 signaling augments Th2-promoting molecules on dendritic cells (17,
18) and epithelial and inflammatory cell production of a range of cytokines and growth factors
(19-22). MyDS88 is also involved in the signal transduction of mediators associated with severe
asthma and/or corticosteroid resistance such as IL-33 and S100A8 (23, 24), while LPS inhalation
with OVA can promote TLR4-MyD88-dependent glucocorticoid-resistant AHR in mice (25).
Conversely, TLR4-MyD88 signaling has also been documented to inhibit the development of
AHR and/or type 2 airway inflammation by LPS administered systemically (26) or by repeated
inhalational exposure (27). Oral or respiratory exposure to a non-pathogenic cowshed bacterium
(28, 29), commercial bacterial extracts (30), or probiotic strains (31) also offers MyD88-

dependent protection against the development of allergic airway disease.

The role of TRIF signaling in relation to allergic asthma has been examined to a lesser extent.
Activation of TLR3 by the synthetic double-stranded RNA, polyinosinic-polycytidylic acid
(poly(I:C)), was confirmed to elicit (32) as well as exacerbate (33) type 2 airway disease in
animals TRIF-dependently. However, poly(I:C) was also reported to inhibit experimental allergic

asthma in mice (34), but it was not confirmed whether this was TRIF-dependent and poly(I:C)
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can also activate the TRIF-independent RNA-sensing protein kinase R (PKR), retinoic acid-
inducible gene I (RIG-I) and melanoma differentiation-associated gene 5 (MDAS). Moreover,
TLR4-TRIF signaling is important in the development of lung T helper 17 and neutrophilic
inflammation following house dust extract-induced allergic sensitization to ovalbumin (35).
However, there are no reports to date confirming an anti-inflammatory role of the TRIF pathway
in allergic asthma. In the current study, we sought to elucidate the roles of MyD88 and TRIF in
mediating the TLR4-dependent inhibition of allergic airway disease development by intranasal
Protollin and the induction of CD4+ICOS+ cells. Here, we show that activation of TLR4
signaling via the TRIF pathway prevents the development of allergic airway disease in mice and
that the recruitment of CD4+ICOS+ cells to the lungs may be one contributing TRIF-dependent

mechanism.

Materials and Methods
Animal treatments

Six to nine week-old, female MyD88 knockout mice on a Balb/C background (supplied by S.
Qureshi) and breeding pairs of C57B1/6] Ticaml/Lps2 (Trif knockout) mice (Jackson
Laboratories, Bar Harbor, ME, U.S.A.) were bred in the Animal Care Facilities of the McGill
University Health Centre. Wild type (wt) C57Bl/6J mice were also purchased from Jackson
Laboratories. All animals were housed in a specific pathogen-free animal facility under a 12 hour
light/dark cycle with free access to food and water. All animals were sensitized on day O with a
single 0.15 ml intraperitoneal (i.p.) injection of 20 protein nitrogen units (PNU) birch pollen

allergen extract (BPEx; Greer Laboratories, Lenoir, NC, U.S.A.) and 3 mg aluminum hydroxide

This article is protected by copyright. All rights reserved.



(Alum hydrogel 2%, Brenntag Biosector, Frederiksund, Denmark). This BPEx extract is used for
clinical purposes in intradermal desensitization and thus is low in endotoxin (< 5 EU /ml;
equivalent to < 0.05 EU /kg body weight). Experimental procedures were approved by the

McGill University Animal Care Committee.

Experimental asthma protocol and nasal immunomodulation

Allergic airway disease was induced in mice as described previously (Fig. 1A) (3). Following
sensitization, on each of days 7, 10 and 13, awake mice received nasal applications, without prior
anesthesia, of 15 ul of either phosphate-buffered saline (PBS) or Protollin (GlaxoSmithKline
Biologicals North America, Laval, Canada). Previously, it has been confirmed that >90% of fluid
administered in this manner deposits in the nose/upper airways and the remaining portion is
found largely in the gastrointestinal tract with very little in the lungs (36). Protollin consisted of a
1:1.1 ratio of Neisserial proteins to Shigella LPS at a concentration of 1 pg/ul LPS, resulting in
an intranasal dose of approximately 15 pug of LPS and Neisserial proteosomes on each of the
indicated days. On days 15, 16 and 17, mice were allergen challenged intranasally under light
isoflurane anesthesia (4%) with a dose of 25 PNU BPEXx in a volume of 36 ul sterile PBS.

Control mice were sham-challenged with sterile PBS only.

Assessment of allergen-induced airway hyperresponsiveness

Airway responses to methacholine (MCh; acetyl-B-methylcholine; Sigma-Aldrich Canada Ltd.,
Oakville, ON, Canada) were assessed on day 19, 48 hrs after the final allergen challenge. Mice
were anesthetized with an injection of xylazine hydrochloride (10 mg/kg, i.p.) followed by i.p.

administration of sodium pentobarbital (32 mg/kg). Mice were tracheostomized using a 19G

metal cannula and connected via the endotracheal cannula to a commercial small animal
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ventilator (FlexiVent, SCIREQ Inc., Montreal, Canada). The animal was ventilated at a
respiratory rate of 150 breaths/min and tidal volume of 10 ml/kg against a positive end-
expiratory pressure of 3 cmH,0. Paralysis was induced with a 1 mg/kg pancuronium bromide
1.p. injection prior to the measurement of baseline respiratory mechanics. A 1.2 second, 2.5 Hz
single-frequency forced oscillation maneuver was performed at 10 sec intervals and respiratory
system resistance (Rrs) and elastance (Ers) were calculated with commercial software. Doubling
concentrations of MCh from 15.6 — 250 mg/kg were delivered to the mouse as an aerosol using a
4 second nebulization period synchronized with inspiration. Allergen-induced AHR was assessed

by recording the peak Rrs and Ers following each dose of MCh administered.
Assessment of airway inflammation

On day 19, bronchoalveolar lavage (BAL) was performed using saline containing 10% fetal
bovine serum. The recovered cell pellet was used to measure the total number of cells in the
BAL and cytospins were prepared and stained with Diff-Quik stain (Diff-Quik® method, Medical

Diagnostics, Diidingen, Germany) for differential cell counts.
Measurement of BPEx-specific serum IgE

On day 19, blood was collected by exsanguination into serum separator tubes and left at room
temperature to clot. Samples were centrifuged at 4000 g for 5 minutes and the serum was
collected and stored at -20°C. BPEx-specific serum IgE was measured by ELISA, according to

the manufacturer’s instructions (Biolegend, San Diego, CA, U.S.A.).
Flow cytometric analysis of cervical lymph node and lung CD4 T cell ICOS expression
In order to characterize Protollin’s adjuvant effect on the CD4+ T helper cell and regulatory T

cell response, cervical lymph nodes and lungs were harvested from BPEx-sensitized mice on day
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16 and 17 respectively, 24 hrs after one or two BPEx allergen challenges, following 3
administrations (days 7, 10 and 13) of either PBS or Protollin alone. Superficial cervical lymph
nodes were isolated and placed in RPMI-1640 medium, containing 8% heat-inactivated FBS, 2
mM L-glutamine, 50 pg/ml gentamycin and 10 mM HEPES. A single cell suspension was
obtained by mincing and crushing the tissue on a 70 um BD Falcon cell strainer. Lungs were
injected and minced ex vivo in a solution of RPMI-1640 (Invitrogen, Life Technologies Inc.,
Burlington, ON, Canada), supplemented with 0.2 Wunsch units/ml Collagenase from
Clostridium histolyticum (Type XI-S), 1000 Dornase units/ml DNAse I (Type 1I-S) (Sigma-
Aldrich Canada Ltd., Oakville, ON, Canada) and 0.5 mM Ca’". The tissue was then incubated on
an orbital shaker at 37°C for 1 hour after which digestion was inhibited by the addition of cold
complete RPMI medium with 2 mM EDTA and 50 puM B-mercaptoethanol. Red blood cells were
lysed with ammonium chloride solution. Isolated lymph node or lung cells were stained as
described previously. Briefly, cells were stained with anti-CD4 FITC, anti-ICOS PE, and anti-
Foxp3 APC monoclonal antibodies (mAb) or the appropriate isotype controls. Cell acquisition
was performed using either the BD FacsCalibur or LSRII and the percentage of ICOS-expressing
CD4+Foxp3+ or CD4+Foxp3- cells was analyzed with Cell Quest Pro or FlowJo software,

respectively (BD Biosciences, Mississauga, ON, Canada).
Adoptive transfer of FACS-sorted wt CD4+I1COS+ cells to Trif knockout mice

An adoptive transfer of 0.3 million cervical lymph node CD4+ICOS+ cells was previously
shown to be effective in inhibiting the development of AHR and airway inflammation in wt
Balb/C mice. In the current study, cervical lymph node CD4+ICOS+ cells were sorted and
adoptively transferred to demonstrate an equivalent effect of these cells in C57Bl/6J mice. On

day 14, cervical lymph nodes were harvested and pooled from wt C57B1/6J BPEx-sensitized
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mice that received nasal applications of Protollin on days 7, 10 and 13, and isolated cells were
stained with anti-CD4 FITC and anti-ICOS PE mAb. CD4+ICOS+ cells were sorted by flow
cytometry using a Beckman Coulter MoFlo cell sorter and either 0.1 or 0.3 million cells were
adoptively transferred (i.p.) in 0.3 ml sterile PBS to Trif -/- mice that had been sensitized with
BPEX in parallel with the wt animals but that were otherwise untreated. Mice were then
challenged on days 15-17 and underwent testing of airway responses to MCh, as well as BAL

collection on day 19 (Fig. 5A).

Adoptive transfer of MACS-sorted total CD4+ cells to wt mice

Total cervical lymph node CD4+ cells were sorted from Protollin-treated wt, Trif -/-, or ICOS -/-
mice in order to confirm the importance of TRIF-induced CD4+ICOS+ cells in the inhibition of
allergic airway disease. On day 14, cervical lymph nodes were harvested and pooled from wt,
Trif -/-, or ICOS -/- BPEx-sensitized mice that received nasal applications of either PBS or
Protollin on days 7, 10 and 13. In these experiments, CD4+ cells were isolated by positive
selection using mouse CD4 (LL3T4) MicroBeads and magnetic cell sorting (Miltenyi Biotec Inc.,
Auburn, CA, U.S.A.). 3 million sorted cells from wt PBS-treated mice or Protollin-treated wt or
Trif -/- mice were then adoptively transferred (i.p.) in 0.3 ml sterile PBS to wt mice that had been
sensitized in parallel but that were otherwise untreated. Mice were then challenged on days 15-
17 and underwent lung function testing in response to MCh, as well as BAL collection on day 19

(Fig. 6A).

Statistical analysis

Airway responses to MCh bronchoprovocation were analyzed in GraphPad Prism Version 5

(GraphPad software, San Diego, CA, U.S.A.) by two-way ANOVA followed by Bonferroni post-
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tests comparing all experimental groups to each other. One-way ANOV A and post-hoc
Newman-Keuls’ tests were used for all other analyses involving three or more groups, or
unpaired Student’s t-test was used in the case where only two experimental groups were

compared. Data were log-transformed prior to statistical analysis when not normally distributed.

Results

TRIF signaling can prevent the development of experimental allergic airway disease

We have previously reported that the inhibition of allergen-induced AHR and BAL eosinophilia
in Balb/C mice by nasal Protollin administration prior to allergen challenge was TLR4- and not
TLR2-dependent (3). In the current study we studied the effects of Protollin in allergen
challenged MyD88 -/- mice. Mice that received Protollin exhibited significantly lower
respiratory system resistance (Rrs) and elastance (Ers) values in response to increasing doses of
MCh (Fig. 1B) and serum BPEx-specific IgE (Fig. 1D) compared to mice that were BPEx-
challenged but that had not received Protollin. Total inflammatory cells and eosinophils were not
significantly lower in the BAL fluid of Protollin-treated mice (Fig. 1C), suggesting a
contribution of the MyD88 pathway to the inhibition of airway inflammation but not AHR. Trif -
/- mice were only available on the C57B1/6] background but intranasal Protollin also potently
inhibited AHR in wild type mice of this strain (Fig. 2A) and significantly reduced total BAL cell
counts and eosinophils (Fig. 2B). In contrast, Protollin failed to inhibit AHR (Fig. 2C) and
airway inflammation (Fig. 2D) in Trif -/- mice. Serum BPEXx-specific IgE levels in either strain

of C57B1/6] mice did not exceed the lower limit of detection and allergen-associated increases
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could not be detected to allow confirmation of whether Protollin’s inhibition of IgE synthesis

was also TRIF-dependent.

Induction of ICOS in CD4+ cells and expansion of CD4+1COS+ T cells is mediated by TRIF

Nasal application of Protollin to conscious animals increases [COS mRNA expression in the
nasal-associated lymphoid tissues, as well as protein expression in both the CD4+Foxp3+
regulatory cells and CD4+ICOS- T cell populations in the cervical lymph nodes draining the
nasal mucosa (3). Here, we assessed the effects of Protollin upon the cervical lymph nodes at the
same time point as previously examined, following intranasal PBS or Protollin administration
and a single intrapulmonary allergen challenge. Total lymph node cell numbers were similarly
augmented by Protollin in wild type and MyD88 -/- Balb/C mice, but were unaltered in Tlr4 -/-
mice, suggesting that the TLR4-dependent lymphoproliferation was intact even in the absence of
MyD88 (Supp. Fig. 1B). Total lymph node cell numbers were also significantly augmented in wt

C57B1/6] mice but not in the Trif -/- strain (Supp. Fig. 1B).

The absolute number of CD4+ICOS+Foxp3+ cells was significantly increased by Protollin in
wild type mice, as well as in MyD88 -/- mice, albeit to a lesser degree (Fig. 3C). These cells
were not significantly augmented by Protollin in Trif -/- mice. Also, the relative proportion of
CD4+ICOS+Foxp3+ to CD4+ICOS-Foxp3- cells was not significantly increased in Trif -/- mice

(Suppl. Fig. 2C), suggesting that the expansion of these cells is primarily TRIF-dependent.

Protollin significantly increased the percentage of ICOS+ cells among the CD4+Foxp3-
population even in the absence of MyD88 or TRIF signaling. However, the degree of induction

of ICOS in this population in either MyD88 -/- or Trif -/- mice was significantly lower than in
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their wt counterparts (Fig. 3A and D). Finally, Protollin increased the absolute number of
CD4+ICOS+Foxp3- cells in the cervical lymph nodes of all strains (Fig. 3E), indicating
redundancy between the MyD88 and TRIF pathways and a contribution from both pathways to
the induction of ICOS+ CD4 T cells. Overall, TRIF deficiency resulted in a reduced proportion
of CD4+Foxp3- and CD4+Foxp3+ cells expressing ICOS in the cervical lymph nodes of

Protollin-treated mice (Supp. Fig. 2A,C).

TRIF signaling is necessary for the recruitment of CD4+ICOS+ cells to the lungs

We have previously shown that CD4+1COS+Foxp3+ and CD4+1COS+Foxp3- cell numbers are
elevated in the lungs of Protollin-treated wt Balb/C mice after successive allergen challenges (3),
implying a recruitment of these cells to the lungs. However, in wt C57B1/6J mice, Protollin
exposure increased only the percentage of CD4+Foxp3- cells expressing ICOS (Fig. 4B) and not
CD4+Foxp3+ cells (Fig. 4A). Moreover, only CD4+1COS+Foxp3- cells (Fig. 4D) and not
CD4+ICOS+Foxp3+ cells (Fig. 4C) were increased in absolute numbers by Protollin.
Significantly, the proportion of CD4+Foxp3- cells expressing ICOS (Fig. 4B and Fig. 5B), as
well as the absolute number of CD4+ICOS+Foxp3- cells in the lungs (Fig. 4D), was not
increased by Protollin in Trif -/- mice, despite the expansion of these cells in the lymph nodes,
supporting a role for TRIF signaling in mediating the recruitment of the CD4+ICOS+ cells to the

lungs.
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CD4+ICOS+ cells contribute to the TRIF-dependent inhibition of allergen-induced airway

hyperresponsiveness

To confirm the immunoregulatory potential of CD4+ICOS+ cells in C57B1/6J mice, FACS-
sorted CD4+ICOS+ cells isolated from the cervical lymph nodes of Protollin-treated wt
C57B1/6] mice were adoptively transferred to Trif -/- recipients (Fig. SA). An adoptive transfer
of 0.3 million CD4+ICOS+ cells, but not 0.1 million cells, potently inhibited AHR (Fig. 5B).
This is consistent with our previously published findings that even CD4+ICOS+ cells isolated
from non-Protollin treated mice are capable of suppressing AHR when transferred in sufficient
numbers (3) and therefore, that TLR4 stimulation of the nasal mucosa by Protollin elicits a
numerical increase in CD4+ICOS+ cells that is protective against AHR. Surprisingly, the
adoptive transfer of CD4+ICOS+ cells was ineffective in reducing airway inflammatory cell
numbers and, if anything, appeared to augment airway inflammation relative to historical
controls that did not receive an adoptive transfer (Fig. 5C). These data indicate that wt
CD4+ICOS+ cells adoptively transferred via the systemic route can by-pass the requirement for
TRIF on endogenous immune effector cells to inhibit AHR but not airway inflammation in

C57B1/6] mice.

Given that the proportion of CD4+ cells expressing ICOS was lower in the cervical lymph nodes
of sensitized wt PBS-treated mice and Trif -/- Protollin-treated mice compared to wt Protollin-
treated mice (Fig. 3D and Supp. Fig. 2A,C), we proceeded to adoptively transfer an equivalent
number of lymph node CD4+ cells from each of these groups of mice to wt C57BI/6J recipients
prior to their allergen challenge to determine the capacity of these cells to inhibit allergen-
induced airway disease (Fig. 6A). Notably, only the CD4+ cells from Protollin-treated wt

C57Bl/6J and not from Trif -/- donors attenuated AHR (Fig. 6B), consistent with the notion that
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CD4+ICOS+ cells contribute to the TRIF-dependent inhibition of AHR. Surprisingly, the CD4+
cells from both wt and Trif -/- Protollin-treated donors reduced airway inflammation, namely
BAL total inflammatory cells and eosinophils (Fig. 6C), as compared to the effects of CD4+
cells adoptively transferred from wt PBS-treated mice. Collectively, this suggests that Protollin is
also evoking MyD88-dependent modulation of CD4+ICOS- cells in the cervical lymph nodes
which are capable of inhibiting allergic airway inflammation when adoptively transferred via the

systemic route to wt C57B1/6J mice.

Discussion

Our understanding of the preconditions and mechanisms, including the role of specific signaling
pathways, through which TLR4 influences allergen-induced airway disease and adaptive
immune responses is incomplete. In the current study, we sought to identify the role of the
primary TLR adaptor proteins, MyD88 and TRIF, in mediating the previously described TLR4-
dependent inhibition of allergic airway disease development and induction of CD4+ICOS+ T
cells (3). We report that TRIF signaling via TLR4 can prevent the development of experimental
allergic airway disease in mice in the context of nasal application of a TLR4-stimulating mucosal
adjuvant, Protollin. Our data also support a role for CD4+ICOS+ cells in the TLR4-TRIF-

dependent inhibition of AHR in this model.

Using a model of birch pollen allergen extract (BPEx)-induced experimental asthma, we have
shown previously that the application of Protollin to the nares alone prevented AHR,

eosinophilic airway inflammation and production of BPEx-specific serum IgE independently of

This article is protected by copyright. All rights reserved.



TLR2 but required TLR4 (3). In the current study, we have demonstrated that Protollin’s
inhibitory effects did not require signaling through MYD88 but were absent in Trif -/- mice
indicating that stimulation of the TLR4-TRIF pathway via the nasal mucosa can offer protection
against allergic lower airway disease and may be a promising avenue for adjuvant-based
immunotherapy. We have previously also examined the role of TRIF in the context of
inhalational exposures to birch pollen allergen alone (and thus minimal LPS and TLR4
stimulation) and reported that whereas TRIF signaling was not necessary for the induction of
allergic airway disease and did not influence AHR in this context, it was important in restraining
eosinophilic airway inflammation (36). Our current data indicate that when TLR4 is further
stimulated by an agonist, and selectively in the nasal mucosa, TRIF signaling is additionally
capable of inhibiting AHR. Whether this pathway is also relevant to the effects of TRIF-biased

adjuvants such as MPLA in allergy therapy remains to be investigated (37).

The dose of LPS has a substantial influence on the development of allergic airway disease (1, 2,
38) and there is evidence linking atopy and allergic asthma with gene-environment interactions
between polymorphisms of the TLR4 accessory molecule CD14 gene and varying levels of LPS
exposure (1, 39). Thus in the broader context, given that we have administered a moderate-high
dose of agonist to the nares, our finding suggests that the TLR4-TRIF pathway may perhaps be
important in the protective effects of higher ambient levels of endotoxin upon allergic disease,
such as those associated with living in a farming environment. CD14 has been identified to be of
paramount importance to LPS-induced MyD88-independent TLR4 signaling through the TRIF
pathway (40, 41). Whether a CD14 genotype which offers protection against the development of

allergic asthma might do so by conferring enhanced TRIF-dependent signaling is an interesting
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possibility. Notably, a CD14 genotype and LPS burden associated with protection against allergy

in infants was also associated with higher numbers of peripheral blood CD4+Foxp3- cells (42).

The role of MyD88 and TRIF in mediating the adjuvant effect of TLR4 ligands upon T cell
responses is an area of active investigation. Priming of T cell responses by TLR4 agonists can
occur MyD88-independently (43-45), whilst in vivo clonal expansion of CD4+ and CD8+ T cells
by MPLA (43), as well as upregulation of costimulatory molecules, such as CD40, CD80 and
CD86 on antigen presenting cells by LPS has been shown to be TRIF-dependent and MyD88-
independent (46). Interestingly, the immunostimulatory effects of the N. meningitidis outer
membrane vesicle vaccine that is relatively similar in structure to Protollin and the whole cell
Pertussis vaccine, both of which contain LPS and lipoproteins that can activate TLR4 and TLR2
respectively, were shown to be TLR2-independent but rather TLR4- and TRIF-dependent,
supporting the TLR4-TRIF pathway as an attractive target for vaccine adjuvants (47). We
extended our prior observation of TLR4-mediated induction of the T cell-expressed co-
stimulatory molecule belonging to the CD28 family, ICOS, and expansion of CD4+ICOS+ cells.
ICOS is differentially inducible among Tregs and effector T cells and its expression in
CD4+Foxp3+ cells has been demonstrated to be important in limiting airway inflammation in a
model of intranasal allergen-induced tolerance (48). Moreover, sensitization to ovalbumin via the
airways with higher doses of LPS leads to the accumulation of lung CD4+ICOS+Foxp3+ cells
and resultant tolerance (49). Our data demonstrate that Trif-deficient mice exhibit impaired
expansion of CD4+ICOS+Foxp3+ cells in the cervical lymph nodes draining the nasal mucosa
and a reduced proportion of ICOS-expressing CD4+Foxp3- and CD4+Foxp3+ cells. MyD88-
deficient mice demonstrated significant induction and expansion of ICOS+ cells within both of

these populations, albeit lower than wild type mice. Consistent with our observation of
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predominantly CD4+ICOS+Foxp3- cell expansion, the priming of antigen-specific T cell
responses by systemic LPS has been associated with selective induction of ICOS, resulting in
preferential amplification of effector rather than regulatory T cells (50). Thus, the induction of
ICOS on CD4+ cells has been described as a distinguishing marker of a pro-inflammatory LPS-
driven immune response (50), whereas our data indicate that similar processes elicited by LPS
via the nasal mucosa prior to pulmonary allergen challenge could perhaps be anti-inflammatory

in the context of allergen-induced type 2 airway disease.

TLR4-TRIF signaling during allergic sensitization via the airways has been reported to be
critical for the development of lung T helper (Th) 17 cells, which are known to express ICOS,
and neutrophilic inflammation (35). ICOS is similarly critical for T follicular helper (Tth) cell
development and function (51, 52), however our analysis of these cells did not indicate that they
preferentially expressed Th17 or Tfh-associated genes at the transcriptional level ((3) and data
not shown). We have previously demonstrated that CD4+ICOS+Foxp3+ and
CD4+ICOS+Foxp3- cells are detected in higher numbers in the lungs of wt Balb/C mice at a
later time point than in the cervical lymph nodes, suggesting that these cells migrate towards the
lungs (3). In C57Bl/6J mice, we were only able to detect CD4+ICOS+Foxp3- cells in higher
numbers in the lungs of wt Protollin-treated mice and additionally found this to be TRIF-
dependent. That Trif -/- mice displayed similar absolute numbers of CD4+ICOS+Foxp3- cells in
the cervical lymph nodes as compared to wild type mice but lower numbers in the lungs,
suggests that these cells likely traffic towards the lungs and that this process is impaired in the
absence of functional TRIF. This is consistent with a report by McAleer et al. demonstrating that
TRIF potentiated effector T cell migration to non-lymphoid tissues, including the lungs,

following intraperitoneal LPS injection, whilst T cell accumulation in lymphoid tissues was
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normal (53). Moreover, ICOS-L -/- mice displayed reduced accumulation of CD4+ T cells to the
lungs following systemic LPS boosting of the T cell response to OVA and subsequent intranasal
OVA/LPS challenge (50). We determined that adoptive transfer of lymph node CD4+1COS+
cells from wt Protollin-treated mice was capable of rescuing the inhibition of AHR in Trif -/-
mice. Also, CD4+ cells from the lymph nodes of wt Protollin-treated mice but not from wt PBS-
or Trif -/- Protollin-treated mice, which contained a lower proportion of ICOS-expressing cells
compared to the preceding group, could inhibit AHR to a significant degree. Taken together,
these results indicate a capacity for lymph node CD4+ICOS+ cells and accumulation of
CD4+ICOS+Foxp3- cells in the lungs to contribute to the TLR4-TRIF-dependent inhibition of

AHR.

The mechanism for the strain-specific difference in the accumulation of CD4+ICOS+Foxp3+
cells in the lungs is unclear. Moreover, C57B1/6J mice exhibited greater BAL eosinophilia than
Balb/C mice and Protollin appeared to inhibit eosinophilic inflammation more robustly in Balb/C
compared to C57BL/6 mice, suggesting that the accumulation of CD4+ICOS+Foxp3+ cells in
the lungs may play a role in the suppression of eosinophilic inflammation. Notably, a recent
study demonstrated that inducible Tregs, but not natural Tregs, were capable of inhibiting type 2
innate lymphoid cell (ILC2)- mediated AHR and airway inflammation upon adoptive transfer of
these cells, and that the suppression depended on Treg ICOS interaction with ICOS-L on ILC2s
(54). However, our adoptive transfer experiments indicated that wt CD4+ICOS+ cells failed to
suppress BPEx-induced airway inflammation in Trif -/- mice whereas MACS-sorted CD4+ cells
from both wt and Trif -/- mice inhibited airway inflammation when transferred to wt mice. These
results indicate a dissociation between the regulation of these inflammatory outcomes and AHR

and imply that the ICOS-negative constituency of CD4+ cells possesses the relevant anti-
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inflammatory capacity when adoptively transferred. Moreover, TRIF can induce type 1
interferons, particularly IFN-f, via its association with the TNF receptor-associated factor
(TRAF) 3 and the interferon regulatory factors (IRF)-3 (and IRF-7) (55). Type I IFNs have also
recently been reported to directly inhibit ILC2 function, proliferation and survival, which may be
an alternative mechanism, independent of ICOS, through which TLR4-TRIF signaling could
attenuate pulmonary type 2 inflammation (56). Therefore, it is likely that multiple mechanisms
underlie the effects of TLR4-TRIF signaling in this model. Overall, our data support that TLR4-
TRIF-dependent signals possess the capacity to inhibit allergic airway disease, which is likely

mediated in part by the induction of CD4+1COS+ cells.
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Figure Legends

Figure 1. The inhibition of allergic airway disease by intranasal Protollin is MyD88-
independent. Airway responses (respiratory system resistance and elastance) to aerosolized
MCh (B), BAL fluid total inflammatory cells and eosinophils (C) and serum BPEx-specific IgE
(D) were measured in MyD88 -/- mice following nasal application to conscious mice of either
PBS or Protollin (‘Pro’) and then intranasal sham (‘PBS’) or allergen (‘BPEx’) challenge with

light anesthesia (A) (n=6-9 animals/group pooled from > 3 independent experiments).

Figure 2. The inhibition of allergic airway disease by intranasal Protollin is TRIF-
dependent. Airway responses (respiratory system resistance and elastance) to aerosolized MCh
and BAL fluid total inflammatory cells and eosinophils were quantified in C57B1/6]J wt mice (A
and B; n=10-14 animals/group from > 3 independent experiments) or Trif -/- mice (C and D;
n=7-8 animals/group from > 3 independent experiments) following nasal PBS or Protollin

applications and intranasal PBS or BPEx challenges.

Figure 3. The induction and expansion of ICOS-expressing CD4+ T cells in the cervical
lymph nodes is significantly dependent on TRIF. Lymph node cells harvested from C57B1/6]
wt or Trif -/- mice or Balb/C wt or MyD88 -/- mice on day 16, 24 hrs after a single PBS or BPEx
challenge following nasal applications of either PBS or Protollin were stained for CD4, ICOS
and Foxp3. Representative dot plots show ICOS expression among gated CD4+Foxp3- cells (A).
Percentage of ICOS-expressing CD4+Foxp3+ (B) or CD4+Foxp3- cells (D). Absolute number of
lymph node CD4+1COS+Foxp3+ (C) and CD4+ICOS+Foxp3- cells (E). (Balb/C MyD88 -/-,
n=9-10 animals/group from > 3 independent experiments; C57Bl/6J wt or Trif -/-, n=7

animals/group from at least 2 independent experiments per strain).
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Figure 4. Protollin increases the percentage and absolute number of ICOS-expressing
CD4+Foxp3- T cells but not CD4+Foxp3+ Tregs in the lungs, which occurs TRIF-
dependently. Percentage of CD4"Foxp3* and CD4"Foxp3™ cells expressing ICOS (A and B,
respectively) and absolute numbers of CD4+ICOS+Foxp3+ and CD4+1COS+Foxp3- cells (C
and D, respectively) in lungs harvested from C57B1/6] wt or Trif -/- mice on day 17, 24 hrs after
two PBS or BPEx challenges following nasal applications of either PBS or Protollin (n=6-8

animals/group from at least 2 independent experiments per strain).

Figure 5. CD4+ICOS+ cells from the cervical lymph nodes of Protollin-treated wt mice
have the capacity to inhibit AHR when adoptively transferred to Trif -/- mice. CD4+ICOS+
cells sorted by FACS from lymph nodes of wt Protollin-treated mice on day 14 were adoptively
transferred (0.1 or 0.3 million cells, i.p.) to Trif -/- mice that had been sensitized in parallel but
that did not receive Protollin, after which the recipient mice were challenged with BPEx allergen,
as described in (A). Airway responses to aerosolized MCh (B) and BAL fluid total inflammatory
cells and eosinophils (C) were quantified on day 19 as in prior experiments. Historical -ve and
+ve ctrls are shown in dashed lines (B) or gray bars (C) (n > 5 animals/group from 3 independent

experiments).

Figure 6. CD4+ cells from lymph nodes of Protollin-treated wt mice are capable of
significantly inhibiting AHR upon adoptive transfer whereas CD4+ cells from Protollin-
treated Trif -/- mice are not. Total CD4+ cells were sorted by MACS from lymph nodes of wt
Protollin-treated, PBS-treated, or Trif -/- Protollin-treated mice on day 14 and were adoptively
transferred (3 million cells, i.p.) to wt C57B1/6J mice that had been sensitized in parallel but that
were otherwise untreated, after which the recipient mice were challenged with BPEx allergen, as

described in (A). Airway responses to aerosolized MCh (B; n=6-7 animals/group from 3
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independent experiments) and BAL fluid total inflammatory cells and eosinophils (C; n=12-14

animals/group from > 3 independent experiments) were quantified on day 19 as in prior

experiments.
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